ADDITIONAL INDEX WORDS. bracts, Brassica oleracea, broccoli, cauliflower, floral development, flower initiation, growth regulator, vegetative meristem, inflorescence meristem, floral meristem, meristem-identity genes, plastochron ABSTRACT. Cauliflower (Brassica oleracea var. botrytis) and broccoli (B. oleracea var. italica) differ in the developmental stage of the reproductive meristem at harvest. A cauliflower head is formed by arrest at the inflorescence meristem stage and broccoli at the flower bud stage, and the horticultural value of the crop depends on synchronous development across the head. In other plant species, gibberellin (GA) can promote floral development and is therefore a candidate for providing the early developmental cues that shape the curd morphology. This research investigated the effect of GAs on the two horticulturally important transitions of the reproductive meristem: initiation of the inflorescence meristem and initiation of floral primordia on the proliferated inflorescence meristems. GA is known to affect the former in many species, but effects on the latter have not been determined. It is also not known whether one or both active forms produced by the two GA biosynthetic pathways is involved in the reproductive transitions in this crop. GAs from the early-13 hydroxylation pathway (GA 3 ) and the non-13 hydroxylation pathway (GA 4D7 ) were applied to the shoot apical meristems of cauliflower and broccoli at three developmental stages: adult-vegetative, curd initiation, and curd enlargement. GAs applied during the adult vegetative stage caused the curd to form faster and after fewer additional nodes in both cauliflower and broccoli. GAs applied to the inflorescence meristem did not cause floral primordia to form nor did the expression of transitionassociated genes change. Integrator genes BoLFY and SOC1 had constant expression over 24 hours, and meristemidentity genes BoAP1-a and BoAP1-c remained undetectable. However, GAs applied early during the reproductive phase increased bract development in cauliflower curds. This study shows that GAs from both pathways can trigger the vegetative-to-reproductive transition in both cauliflower and broccoli, resulting in earlier curd formation. However, GAs did not advance the inflorescence-meristem-to-floral-primordium transition; on the contrary, they increased bract incidence in cauliflower, a sign of reversion toward the vegetative stage, suggesting that another pathway is responsible for this second transition in cauliflower and broccoli.
There are three main steps in the process that leads to flowering: a switch from vegetative to inflorescence meristem, a switch from inflorescence meristem to floral primordium, and floral bud development. Distinguishing these processes in most plants has been difficult, because they may occur simultaneously in different regions of a small meristem. The large meristem size, synchronized development, and eventual developmental arrest in cauliflower and broccoli inflorescences allow greater temporal resolution of these transitions. The curd phenotype in cauliflower is comprised of inflorescence meristems that share characteristics of both vegetative and reproductive apices (Sadik, 1962) . In broccoli, the head is composed of flower buds, because developmental arrest occurs before anthesis (Fujime and Okuda, 1996) . This arrest is accompanied by an extended proliferation of meristems followed by the coordinated induction of floral primordia.
Distinguishing the regulation of individual developmental steps is of practical importance for cauliflower and broccoli breeding and production. In breeding, it is difficult to restore the cauliflower phenotype to commercial standards in the progeny of a cross outside cauliflower, resulting in a very narrow genetic base among cauliflower cultivars and limited introgression of disease resistance genes. A better understanding of the genetic or hormonal cues involved in curd development could result in breeding procedures to select early-generation progeny that are parents of high-quality hybrid cauliflower. In field production of broccoli, asynchronous development of the curd can occur in warm temperatures, rendering the broccoli commercially unacceptable (Farnham and Björkman, 2011) . A better understanding of flower initiation and bud enlargement can lead to new preventive measures.
Vegetative to Inflorescence Transition
In arabidopsis (Arabidopsis thaliana), reproductive induction (vegetative to inflorescence meristem) is controlled by a complex network of five flowering pathways that involve response to daylength, vernalization, carbohydrates, gibberellins, and an age-related autonomous pathway. However, the five pathways ultimately converge on the floral integrator genes leafy (LFY), suppressor of overexpression of constans 1 (SOC1), and flowering locus T (FT), upregulating their expression (Blazquez and Weigel, 2000; Simpson and Dean, 2002) .
Gibberellin
Plants produce at least 134 GA compounds, of which six are active and the rest are inactive precursors, modifications, or degradation products. Bioactive GAs are synthesized through two different biosynthetic pathways: the non-13-hydroxylation pathway produces GA 4 and GA 7 and the early-13-hydroxylation pathway (Sponsela and Hedden, 2004) produces GA 1 , GA 5 , and GA 3 .
The GAs in arabidopsis and other species act through direct and independent upregulation of LFY and SOC1 transcription for reproductive induction (Blazquez et al., 1998; Bonhomme et al., 2000; Gocal et al., 2001; Moon et al., 2003) . In contrast, previous studies reach contradictory conclusions about the effect of GAs in reproductive induction in brassicas. The response was described early (Wittwer and Bukovac, 1957) and was shown to be additive to vernalization in cauliflower (Booij, 1989 (Booij, , 1990 . However, the response is not seen consistently. In several studies, GAs did not affect reproductive induction in broccoli (Fontes and Ozbun, 1970) or cauliflower (Aditya and Fordham, 1995; Fernandez et al., 1997) . At noninducing temperatures, the cold treatment is sometimes replaced by GA (Fernandez et al., 1997) and sometimes not (Guo et al., 2004) . These inconsistencies may result from genetic variation within Brassica for GA responsiveness, variation in the sensitivity to GA among the tissues to which GA was applied, variation in sensitivity during the developmental stage at application, or variable sensitivity to the bioactive GA.
The GA pathway can promote, inhibit, or have no effect on reproductive induction, depending on the plant species. In some species, GAs are in a pathway parallel to vernalization and photoperiod [arabidopsis (Blazquez and Weigel, 2000) , Lolium temulentum , Crepis tectorum, Samolus parviflorus, Hyoscyamus niger, Brassica napus, Petrosilenum crispum, Daucus carota, and others (Lang, 1957) ]. In a second group of species, the GA pathway acts synergistically, accelerating flower induction when all environmental requirements are met but having no effect alone [Pinus sylvestris grafts (Luukkanen and Johansson, 1980) , Pinus radiata (Ross et al., 1984) , Spathiphyllum petite (King et al., 2000) , B. napus var. annua (Dahanayake and Galwey, 1999) , and Zantedeschia sp. (Naor et al., 2004) ]. Finally, in other species GAs have no effect [long-day plant Sinapis alba (Corbesier et al., 2004) ] or inhibit reproductive induction [Fuchsia hybrida (King et al., 2000) , Vitis sp. (Boss et al., 2003) , Pharbitis nil (King et al., 2000) ].
Inflorescence Meristem to Floral Primordium Transition
The second developmental step is the transition from inflorescence meristem to floral primordium. The curd continues to enlarge as long as reproductive meristems are produced, but it ceases once they are converted to floral meristems. This proliferation is longer in broccoli than in most B. oleracea and longer still in cauliflower in which curds are composed entirely of reproductive meristem. The difference between the two crops is the timing of this trigger.
In arabidopsis, the floral primordium differentiates in response to upregulation of meristem-identity genes [LFY, apetala 1 (AP1), apetala 2 (AP2), fruitfull (FUL), cauliflower (CAL) (Bowman et al., 1993; Ferrandiz et al., 2000; Shannon and Meeks-Wagner, 1993) ]. Subsequently, floral buds differentiate in response to upregulation of floral-organ-identity genes [AP1, AP2, apetala 3 (AP3), pistillata (PI), agamous (AG) (Coen and Meyerowitz 1991; Favaro et al., 2003; Pelaz et al., 2000) ]. Okamuro et al. (1996) proposed that GA induces floralmeristem identity in one of three ways: by activating meristem-identity genes, by increasing activity of genes downstream of meristem-identity genes, or by an independent pathway. The first pathway, in which GAs activate meristemidentity genes, occurs in some arabidopsis ecotypes (Posé et al., 2012) , Lolium temulentum , and Vitis sp. (Yahyaoui et al., 1998) . The second pathway, in which GAs maintain the floral identity by activating organ-identity genes downstream of meristem-identity genes, occurs in arabidopsis ecotypes (Yu et al., 2004) . No examples of an independent pathway have been identified. However, GAs may also inhibit floral bud development [Dimocarpus longan (Huang, 1996) and Mangifera sp. (Oosthuyse, 1995) ]. In cauliflower, GAs have not been found to affect floral differentiation once primordia are formed (Booij, 1990) .
Near anthesis, B. oleracea stems elongate rapidly. In many Brassica species this elongation (bolting) is regulated by GA independently from its role in reproductive induction (Mandel et al., 1992) . Here, we test whether GA can trigger that process.
Because the role of GA in reproductive development varies greatly within the plant kingdom, the first objective of this study is to determine if GAs affect the vegetative-to-reproductive transition in cauliflower and broccoli by applying exogenous GAs from both the early-13-hydroxylation pathways and the non-13-hydroxylation pathway during very specific stages of their vegetative development. The second objective of this research is to determine whether GAs affect the onset of the reproductive meristem in cauliflower and floral primordia in broccoli. Measuring whether inflorescence morphology and meristem-identity gene expression change as predicted by any of the models will determine in which of the three ways proposed by Okamuro et al. (1996) GAs control flower differentiation in B. oleracea.
Materials and Methods
PLANT MATERIAL AND GROWTH CONDITIONS. All experiments were conducted with cauliflower cultivar Somerset (Seedway, Hall, NY) and broccoli cultivar Barbados (Bejo Seeds, Oceano, CA), both early-maturing cultivars that grow well in the greenhouse and have little or no vernalization requirement. Seeds of cauliflower and broccoli were sown into modular trays of 50 cells (4.5 · 4.5 cm) containing Cornell Mix A (Boodley and Sheldrake, 1977) and placed in a greenhouse at day/night temperatures of 22 to 24/16 to 18°C. Seedlings were transplanted into 2-L pots containing Cornell Mix A and 5 g 14N-6.1P-11.6K controlled-release fertilizer (Osmocote 14-14-14; Scotts, Marysville, OH), a slow-release fertilizer, and subsequently fertilized as required with 15N-2.2P-12.4K watersoluble fertilizer (EXCEL Cal-Mag 15-5-15; Scotts). Treatments were randomly assigned to pots on the greenhouse benches. Supplemental lighting provided 450 mmolÁm -1 Ás -2 of photosynthetically active radiation for 14 hÁd -1 . 'Somerset' and 'Barbados' plants were kept in the greenhouse during the whole growing period.
DETERMINING REPRODUCTIVE STAGE. GA applications had to occur at precisely known stages of meristem development, but that stage cannot be determined non-destructively. The exact date a particular stage is reached can vary by a few days with small variation in growing conditions. Therefore, an indirect approach was used to associate the external appearance with apical meristem maturation (Björkman and Pearson, 1998) . The developmental stage of the broccoli apex is associated with distinctive changes in leaf shape and stem width. Plants with a meristem composed only of leaf primordia were classified as vegetative. They were classified as reproductive when the petioles of the two largest leaves were straight and the apical meristem had a central dome with a flat area in the axillary region of the leaf primordia. Plants were in a more advanced reproductive stage when they had evident paraclades and some floral primordia.
The reproductive transition and associated shoot tip changes can be detected non-destructively by a widening across the youngest exposed petioles. The width was %4 mm at the beginning of the adult vegetative stage in both the cauliflower and broccoli cultivars and %6 mm at the end of the adult vegetative period [%40 d after sowing (DAS)] (Fig. 1 ). In addition, sacrificial plants of the same cohort were dissected at regular intervals. Five plants per cultivar were dissected under a stereomicrocope (SZ-40; Olympus, Tokyo, Japan) to determine progress and 10 plants to confirm the developmental state before applying GA to the population. The shoot apical meristem diameter increased from 0.1 to 0.25 mm during the adult vegetative stage (Fig. 1 ). When the apical meristem underwent the transition to the inflorescence meristem, the petioles were slightly straightened; the tip width increased to 9 mm in 'Somerset' cauliflower and 8 mm in 'Barbados' broccoli. When a small curd began to form, the petioles bowed and the tip width increased to 13 mm in cauliflower and 11 mm in broccoli.
Shoot growth was measured two ways: as stem elongation (in centimeters) and node production rate (the number of nodes on which the leaves were longer than 5 cm). Nodes appeared at a consistent time interval in both cultivars. Leaf primordia were initiated before leaves were large enough to count, but the time could be inferred. In cauliflower, young leaves grew from initiation to 5 cm in %2 d at the adult vegetative stage, slowing to 3.5 d at the reproductive meristem stage (%40 DAS). In broccoli, the corresponding growth rate was constant.
DETERMINING ENDOGENOUS GAS THROUGH GA EXTRACTION A N D P U R I F I C A T I O N B Y H I G H -P E R F O R M A N C E L I Q U I D CHROMATOGRAPHY (HPLC) AND GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)
. Six bioactive GAs (GA 1 , GA 3 , GA 4 , GA 5 , GA 6 , AND GA 7 ) are produced through two different biosynthetic pathways: the early-13-hydroxylation pathway and the non-13-hydroxylation pathway (Sponsela and Hedden, 2004) . Previous studies have demonstrated that GA 4+7 , but not GA 3 , affects floral induction of cauliflower plants (Booij, 1989 (Booij, , 1990 Guo et al., 2004) , suggesting that only GAs of the non-13 hydroxylation pathway are active in the developing meristem of the plant. When studying the effects of exogenous GAs on a plant, it is important to know which of these GAs are present in the developing meristem of the plant. Booij (1989 Booij ( , 1990 and Guo et al. (2004) showed that GA 4+7 , but not GA 3 , has an effect in floral induction of cauliflower plants, suggesting that, at this stage of the development, only GAs of the non-13 hydroxylation pathway are active. To determine whether GAs from the early-13 hydroxylation pathway are present in inflorescence meristem and floral bud stages, GAs were extracted from curd of cauliflower and head of broccoli and analyzed as methyl ester derivatives by GC-MS after fractionation using HPLC (Rosin et al., 2003) . Internal standards were deuterated GAs (L. Mander, Canberra, Australia) of the following type and amount [in nanograms per gram fresh weight (FW)]: GA 1 = 1, GA 8 = 10, GA 19 = 10, GA 20 = 20, GA 44 = 5, GA 29 = 50, and GA 53 = 5. GAs for which no standards were available were identified from their mass spectra by matching their Kovats' retention indices and ion masses obtained with the GC-MS with reference spectra from Gaskin and MacMillan (1991) .
EXOGENOUS GA EFFECT ON THE V E G E T A T I V E -TO-REPRODUCTIVE TRANSITION.
We conducted two experiments on 'Somerset' cauliflower and 'Barbados' broccoli to investigate the effect of exogenous GA on heading and growth indices, indicative of floral induction. We used a well-established method that assures penetration into the meristem tissue (Mandel et al., 1992; Moore, 1967) . The first experiment examined only the effect of GA 3 (MC Biomedicals, Aurora, OH). One microliter of a solution containing 5 mg of GA 3 , 10% (v/v) acetone, and 0.1% wetting agent (Tween 20; Sigma-Aldrich, St. Louis, MO) or 1 mL of the solution without the GA, as a control, were applied to the apical dome of each . The values in the upper figure can be determined nondestructively to infer the diameter of the shoot apical meristem (SAM) and whether it has undergone the reproductive transition. Five plants were measured at each date. Overlapping data points are obscured; the curves were fit using all data (linear regression above, cubic spline below). Drawings to illustrate tip width and appearance are to scale and at the appropriate place on the y-axis (illustration by B. King).
plant with a micropipette once daily for 2 d (consecutive) at the initiation of the adult vegetative stage, %30 DAS. At this stage 'Barbados' and 'Somerset' plants had five fully extended leaves and the diameter of the apical meristem was %0.2 mm. Each treatment was applied to 12 to 15 plants. The second experiment compared the effects of both GA and GA 4+7 (PhytoTechnology Laboratories, Shawnee Mission, KS) on plants at a slightly more advanced phase of the adult vegetative stage, %38 DAS. Again, the application time was determined by inspecting the meristem, not by the calendar. The GAs were applied as indicated above using 2 mL of a solution containing 2 mgÁmL -1 of GA 3 or GA 4+7 , 25% (v/v) ethanol, and 0.1% wetting agent. The larger apex allowed a larger volume to be used than in the first experiment. Again, the same volume of solution, without any GA, was used as a control. Applications were made once daily for 3 d (consecutive). This method of application provided a consistent dose of GA at the meristem, avoiding runoff, application to other plant parts, and any need for translocation within the plant. At this time, 'Somerset' cauliflower plants had six to seven fully expanded leaves and the diameter of the dissected apical meristem was 0.25 mm. 'Barbados' broccoli plants had between seven and eight fully extended leaves and an apical meristem diameter of 0.25 mm. Each treatment was applied to 12 plants.
In each experiment, the effect of the treatment on advancing heading and stem elongation was determined by measuring both temporal and developmental parameters: 1) curding time: the number of DAS when the curd was first visible (%1 cm across); 2) node production: the number of nodes formed after GA application based on the increase in the number of leaves longer than 5 cm between GA application and curd visibility; and 3) stem elongation: the increase in the stem height (measured from the cotyledonary attachment zone to the apical meristem of the plant) between GA application and curd visibility.
EXOGENOUS GA EFFECT ON THE MORPHOLOGY OF THE CURD. A solution containing 0 or 2.1 mgÁmL -1 of GA 3 or GA 4+7 in a 25% (v/v) aqueous ethyl alcohol solution and 0.1% wetting agent was applied to the apex of cauliflower and broccoli plants in a volume of 2 mL once daily for 3 d (consecutive). Applications were made at two different stages of the reproductive development. One group of 10 plants from each cultivar was treated when the apical meristem became reproductive, as indicated by the petioles straightening, 43 d from sowing; a second group of 10 plants of both cultivars was treated later during inflorescence meristem proliferation but before floral bud development: 55 DAS in 'Barbados' and 50 DAS in 'Somerset'. Measurements included those described in the previous section as well as a morphological examination to determine stage of arrest. The arrest stages were categorized into one of the following classes: cauliflower, composed of inflorescence meristem; intermediate curd, composed of small floral buds and floral primordia; and broccoli, composed of fully developed floral buds.
EXOGENOUS GA EFFECT ON BOLTING. A solution containing 0 or 2.1 mgÁmL -1 of GA 3 in a 25% (v/v) aqueous ethyl alcohol solution and 0.1% Tween 20 (wetting agent) was applied to a marked location on the curd of broccoli plants once daily for 3 d (consecutive) beginning when flower buds had just developed (heads %2 cm). The plants were photographed when the stem at the marked location elongated.
STATISTICAL ANALYSIS OF APEX DEVELOPMENT. In every experiment, cultivars were analyzed independently with the treatments assigned in a completely randomized design with individual plants as the experimental unit. Tests for normality and equal variances were run for each variable under study to determine if assumptions of normal distribution and equal variances were met for analysis of variance (ANOVA). When the data obtained did not support the normal distribution assumption, and no transformation was possible, a nonparametric test was performed: Wilcoxon (two samples) and Kruskal-Wallis (more than two samples). Given that in some experiments observations were unequal among treatments, ANOVA was performed using PROC MIXED for its ability to estimate Type III error that corrects for unbalanced design. Multiple comparisons of the means were done using Tukey's Studentized range (honestly significantly different). Statistical analyses were performed using SAS (Version 9.1; SAS Institute, Cary, NC).
GENE EXPRESSION OF INTEGRATOR AND MERISTEM-IDENTITY GENES IN CAULIFLOWER CV. SOMERSET. Four genes that are indicative of the floral transition were monitored. The change in expression of the meristem-identity genes BoAP1-a and Bo-AP1-c, the meristem-identity gene/integrator gene BoLFY, and the integrator gene SOC1 were measured in cauliflower cv. Somerset plants. Twelve uniform curds arrested at the inflorescence meristem stage and with a diameter of %5 cm were selected. Four milliliters of a solution containing 0 or 100 mM of GA 3 in a 25% (v/v) aqueous ethyl alcohol solution and 0.1% wetting agent were applied to the entire surface of each curd with a brush. Tissue samples from two different areas of the curd were taken, using a fresh razor blade for each sample, at 0, 20 min, 1 h, 3 h, 6 h, and 24 h after the application. After isolation, the tissue was placed in a sterile tube, submerged in liquid nitrogen, and stored at -80°C.
Total RNA of each sample was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) following the protocol described by the manufacturer with some modifications (Duclos and Björkman, 2008) . RNA reverse transcription was performed using the RETROscript kit (Ambion, Austin, TX) with random decamers in accordance with the manufacturer's protocol. Gene expression was determined using SYBR Green quantitative real-time polymerase chain reaction (qRT-PCR) in the iCycler iQ Real-Time Detection System (Bio-Rad, Hercules, CA) as described by Duclos and Björkman (2008) . Primer design and selection followed the guidelines outlined by Duclos and Björkman (2008) ; Table 1 lists the primers selected for this study. The gene expression measurements followed all 11 golden rules of qRT-PCR (Uvardi et al., 2008) .
Statistical analysis of differentially expressed genes was performed with ANOVA using PROC MIXED for repeated measurement analysis, because responses were taken sequentially on the same experimental unit, in this case each plant. Each plant was considered a random effect and the GA treatment and time fixed effects. Assumption of normal distribution and equal variances were tested in each case and transformation of the data used when necessary. The statistical model developed for both genes analyzed (BoLFY and SOC1) used a compound symmetry structure. Selection followed the guidelines suggested by Littell et al. (1998) and Wolfinger and Chang (1998) .
To estimate the assay variation, SEs were calculated assuming statistical independence using propagation of error formulas that allow the inclusion of experimentally determined errors for each efficiency and threshold cycle (C t ) value (Ku, 1966) .
Results

ENDOGENOUS GAS IN DEVELOPING INFLORESCENCE.
GAs were extracted from cauliflower curds and broccoli heads and analyzed as methyl-ester derivatives by GC-MS with deuterated internal standards. GC-MS analysis determined that methyl extracts of cauliflower contained GA 8 , GA 29 , GA 1 , GA 20 , and GA 19, and broccoli extracts contained GA 8 , GA 29 , GA 1 , and GA 20 . All of the endogenous GAs identified using standards were from the early 13-hydroxylation pathway; GA 44 was not detected in cauliflower or broccoli, although the GA 44 standard was detected. The GA 53 standard was never observed. GA 53 is a precursor of GA 19 in the early pathway. Additional GAs were identified in both cauliflower and broccoli heads by comparison with Kovats' retention indices and ion masses. These were GA 4 , GA 12 , GA 15 , and GA 24 (from the non-13-hydroxylation pathway) and GA 3 (from the early-13-hydroxylation pathway) (data not shown).
The most abundant GA observed in both cauliflower and broccoli was GA 29 , an inactive metabolite of GA 20 , with levels in cauliflower and broccoli of 167 ng GA per gram FW and 84 ng GA per gram FW, respectively (Fig. 2) . In cauliflower, the physiologically active GA 1 was the second most abundant GA (5.03 ng GA per gram FW) followed by GA 19 (4.36 ng GA per gram FW), a GA that is intermediate in the biosynthesis pathway (Fig. 2) . In broccoli, GA 19 was not detected; instead, the subsequent precursor, GA 20 , was abundant (9.66 ng GA per gram FW) (Fig. 2) . In the early 13-hydroxylation pathway, GA 53 , GA 44 , and GA 19 are precursors of GA 20 ; the latter is the precursor of the active gibberellin GA 1 . GA 8 and GA 29 are inactive metabolites. These results indicate that GAs from both the early-13-hydroxylation pathway (specifically, GA 1 , GA 3 , precursors, and inactive metabolites) and the non-13-hydroxylation pathway (GA 4 ) are present in inflorescence meristem and floral buds.
EFFECT OF EXOGENOUS GA ON REPRODUCTIVE INDUCTION. GA was applied to developing meristems at two different stages of vegetative development. The adult-vegetative stage was observed 34 DAS and %16 d before expected inflorescence meristem initiation. At this stage, GA 3 advanced the reproductive transition in both cauliflower and broccoli. The earlier transition was evident as fewer vegetative nodes and earlier curding. After GA 3 application, 3.8 fewer leaves (vegetative nodes) appeared in cauliflower (P = 0.001) and 1.5 fewer leaves appeared in broccoli (P = 0.011) than in control plants (Table 2) . GA 3 application caused the curd to become visible 9.6 d earlier in cauliflower (P = 0.001) and 5.0 d earlier in broccoli (P < 0.001) relative to controls (Table 2) . Stem elongation increased in cauliflower; at the end of the treatment, the stem was 9.5 cm longer in cauliflower plants treated with GA 3 than in untreated controls (P # 0.001). No significant change in the stem length was observed in broccoli (Table 2) .
When GA 3 and GA 4+7 were applied closer to the constitutive transition time (38 DAS, %12 d before expected inflorescence meristem initiation), the time to curding was significantly shorter in both inflorescence types. In cauliflower, GA 3 and GA 4+7 reduced the curding time by 2.2 d (P = 0.025) and 3.6 d (P = 0.001), respectively (Table 3) . In broccoli, GA 3 and GA 4+7 reduced the curding time by 4.3 d (P = 0.03) and by 7 d (P < 0.001), respectively.
GA application also resulted in fewer nodes being produced before the transition. As expected, the effect was smaller when application was closer to the constitutive time. The effect of The genes are the two active loci of apetala-1(BoAP1-a and BoAp1-c), leafy (BoLFY), suppressor of overexpression of constans (SOC1) and the reference 18S subunit of rRNA. Forward primer (F) is 5# to 3#; reverse primer (R) is 3# to 5#. y Same as Boi2AP1 (U67452).
x Same as Boi1AP1 (U67451). GA 3 was smaller than that of GA 4+7. In cauliflower, GA reduced the number of leaves by 1.6 [GA 4+7 (P = 0.032)] or 0.4 [GA 3 (non-significant)]. In broccoli, the reduction was 2.0 [GA 4+7 (P = 0.007)] or 0.8 [GA 3 (non-significant)] leaves (Table 3) . Stem elongation was increased by GA 4+7 in cauliflower, but not in broccoli. In cauliflower, GA 4+7 increased post-application elongation by 2.7 cm (P = 0.003), but GA 3 had no significant effect (Table 3) . Overall, broccoli responded more than did cauliflower, perhaps because cauliflower was closer to the vegetative-to-reproductive transition. GA 4+7 had a stronger effect than GA 3 on all variables measured in both cultivars. EFFECT OF EX OGE NOU S GA ON SUBSE QUEN T CU RD MORPHOLOGY. GA was applied to 'Somerset' cauliflower and 'Barbados' broccoli at two different stages of reproductive development: the onset of the reproductive meristem (43 DAS) and curd enlargement (50 and 55 DAS for 'Somerset' and 'Barbados', respectively). Whether applied at the beginning of reproductive meristem proliferation (43 DAS) or when it was well advanced (50 to 55 DAS), GA application did not affect the stage of arrest in either 'Somerset' cauliflower or 'Barbados' broccoli. Cauliflower plants were arrested at the inflorescence meristem stage and broccoli plants were arrested at the floral bud stage. However, application at the onset of reproductive development in 'Somerset' cauliflower plants (43 DAS) increased the development of bracts (Fig. 3) . In particular, GA 4+7 treatment caused all the plants to have some degree of bracting with 90% exhibiting a high degree of bracting.
GA did not significantly increase cauliflower stem elongation or node production when applied to the reproductive meristem (Table 4) . Broccoli curded 3.4 d earlier than controls (P = 0.038) when GA 4+7 was applied at this stage (Table 4) , but the same number of nodes was produced.
EFFECT OF EXOGENOUS GA ON
To detect whether GA induces genes involved in floral-primordium initiation, the expression of three meristem-identity genes, BoLFY, BoAP1-a, and BoAP1-c, and the integrator gene, SOC1, was monitored after application of GA to curds of cauliflower cv. Somerset. Amplicons of B oAP1-a and BoAP1-c were not detected in any of the tissue samples taken from either the control plants or the plants treated with GA 3 . BoLFY expression showed no significant differences for the main effects GA (P = 0.508) and time (P = 0.115) or for their interaction (P = 0.247) (Fig. 4) . The expression of SOC1 was unaffected by the exogenous application of GA (P = 0.638), time (P = 0.119), or their interaction [GA · time (P = 0.063)]. Overall GA did not alter the expression of tested genes associated with flower development.
Discussion
The role of GA in three stages of reproductive development was tested for plant types where these transitions are well separated in time. First, we confirmed that GA advances the initial reproductive transition in vegetative plants. Second, we provide the first evidence that GA is not a signal causing reproductive meristems to begin making flower primordia. Third, we confirmed that GA induces stem elongation associated with bolting. In addition, we documented an unexpected GA-induced reversion toward vegetative character in growing cauliflower heads (Fig. 6 ).
GIBBERELLIN ADVANCES REPRODUCTIVE INDUCTION IN CAULIFLOWER AND BROCCOLI.
The GA pathway of reproductive induction (commonly called flowering time) varies widely in its importance among different species. In this experiment, GA substantially accelerated the transition from a vegetative to reproductive meristem. Application of GA 3 and GA 4+7 shortened the vegetative period in both cauliflower and broccoli. The earlier transition was evident as fewer vegetative nodes and earlier curding. This result is consistent with GA accelerating the transition from vegetative to reproductive development. In B. napus var. annua (Dahanayake and Days from sowing until the curd was visible. y Number of leaves developed between GA treatment and when curd was visible (end of experiment).
x Increase in plant height between GA treatment and when curd was visible (end of experiment). *Significant difference (P < 0.05) with respect to control. Statistical analyses of cultivars and applications within a cultivar were done independently. GA = gibberellin.
Galwey, 1999), exogenous application of GA 3 was shown to reduce the number of nodes at flowering and the time to flowering, similar to the results shown for cauliflower and broccoli in the present study. GIBBERELLIN DOES NOT CONTROL THE TRANSITION FROM Fig. 3 . Effect of gibberellin (GA) application on bracting in 'Somerset' cauliflower curds. Shown is the bract level distribution as a percentage of plants with high (75% to 100% of the curd containing bracts), medium (30% to 70% of the curd containing bracts), and low (less than 30% of the curd containing bracts) bract levels in the curds after GA application when the apical meristem first became reproductive (43 d after sowing) (n = 10 for each treatment). A c 2 test shows higher bracting in GA 4+7 (P = 0.003) but not GA 3 (inset: bracting on cauliflower curd of GA-treated head).
vegetative stage when GA was applied to the apex. As part of the test of reproductive induction, cauliflower produced longer internodes after GA application early in the adult vegetative stage. No effect of the hormone was observed when its application was closer to reproductive commitment (Tables 2 to 4). The same was observed in broccoli.
GIBBERELLIN, BRACTING, AND VEGETATIVE REVERSION IN CAULIFLOWER. Although GA generally promotes reproductive development (Andrés and Coupland, 2012; Srikanth and Schmid, 2011) , in one respect it promoted vegetative reversion. In 'Somerset' cauliflower, application of GAs to the inflorescence meristem at the initiation of reproductive development increased the incidence of bracts in mature heads (Fig. 3) . The effect was particularly pronounced with GA 4+7 , in which greater than 90% of observed curds developed many bracts. Bracting results from the release of leaf primordia subtending each inflorescence meristem. ''Bracty'' curds have bracteoles forming around each flower primordium, manifesting a reversion of the reproductive phase to a vegetative phase (Grevsen et al., 2003) . In many perennial species, the application of exogenous GAs has caused reversion from reproductive to vegetative development (reviewed by Bergonzi and Albani, 2011) . However, this result was not expected based on previous reports in cauliflower and arabidopsis. Booij (1990) found less bracting after applying GA 4+7 to cauliflower. In arabidopsis, floral-meristem reversion has been associated with a decrease in GA levels or GA activity (Okamuro et al., 1996) , reduced levels of LFY (Ferrandiz et al., 2000) , and consequently reduced upregulation of AP1 (Liljegren et al., 1999) . This contradiction might be explained if the GA response is concentration-dependent in B. oleracea. In Pharbitis nil for example, a high dose of GAs suppresses floral induction and a low dose accelerates flowering (King et al., 2000) . Exogenous application of GA may have caused a reversion-inducing concentration of GA immediately after the vegetative-to-reproductive transition. Because GA 4+7 had a stronger effect than GA 3 in bract incidence, the early and non-hydroxylation pathways may be controlling this process differentially. The inconsistent bracting response between this early-maturing cultivar and others reported in the literature may reflect the effect of variation in the bracting genes previously identified by Dickson and Lee (1980) . GENETIC VARIATION IN GA RESPONSE AMONG CAULIFLOWER CULTIVARS. The present results differ from some previous studies regarding the effect of GA 3 and GA 4+7 in floral induction of cauliflower and broccoli. To some extent, that difference reflects genetic variation in the flower development among cultivars. In arabidopsis the reproductive transition is controlled by a complex network of five flowering pathways that involve response to GA as well as daylength, vernalization, carbohydrates, and an age-related autonomous pathway. In B. oleracea, the wide diversity of inflorescence timing and morphology among cultivars implies wide variation within the species in the relative influence of each of those five pathways. Indeed, several distinct quantitative trait loci have been identified for each of the two developmental transitions (Uptmoor et al., 2012 ). An example is the varying effect of GA among cauliflowers that vary in their vernalization requirement. Leshem and Steiner (1968) found that GA 3 potentiated but did not substitute for vernalization in reducing the number of nodes before curd formation and accelerating flowering in a winter cauliflower. However, in temperate [cv. Lawyna (Aditya and Fordham, 1995) and fall cauliflower [cv. Nautilus (Fernandez et al., 1997) ], GAs did not potentiate vernalization but alone induced earlier curd formation when applied under weak curd-inducing conditions. 'Somerset', the summer cauliflower used in the present study, does not require Fig. 5 . Effect of exogenous GA 3 in 'Barbados' broccoli plants when applied at the initiation of the headed stage, after floral bud formation. Two stems elongated where GA was applied directly to the broccoli head when it was 2 cm diameter. GA = gibberellin. vernalization to form the curd. Therefore, fewer induction pathways are involved in the vegetative-to-reproductive transition, and the relative importance of the GA pathway is likely increased. The positive response of 'Somerset' to both GAs supports the model that the GA response exists in all cauliflower, but it is masked in those with a strong vernalization requirement. It has been an open question whether GAs from both hydroxylation pathways are active in cauliflower. Both pathways have been found in other brassicas [B. oleracea var. capitata (Hamano et al., 2002) , Raphanus sativus (Nishijima et al., 1998) , and arabidopsis (Talon et al., 1990) ]. However, GAs in the early-13-hydroxylated pathway (GA 1 , GA 3 ) were previously found not to induce flowering in summer or fall cauliflowers ['Delira' (Booij, 1989 (Booij, , 1990 ; 'Nautilus' (Fernandez et al., 1997) ], raising the possibility that this pathway is absent. It is also possible that the response to GA 1 and GA 3 was not detected in earlier work if they were applied before or after the brief responsive stage or if application to leaves did not result in a sufficient dose at the meristem.
Here, 'Somerset' cauliflower and 'Barbados' broccoli responded to both GA 3 (early 13-hydroxylation pathway) and GA 4+7 (non-13-hydroxylation pathway); also, GAs from both pathways were present in the curds, indicating that both the early 13-hydroxylation pathway and the non-13-hydroxylation pathway are present and active in inflorescence meristem and floral buds of these cultivars.
Summary
Under the experimental conditions presented in this study, GAs trigger the vegetative-to-reproductive transition in both 'Somerset' cauliflower and 'Barbados' broccoli and accelerate bud development in broccoli cultivars. GAs, however, do not advance the inflorescence-meristem-to-floral-primordium transition; on the contrary, they produce floral reversion increasing bract incidence in 'Somerset' cauliflower.
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